Rhodococcus equi is a major cause of pyogranulomatous pneumonia in foals of up to 5 months of age. Although it is mainly an equine pathogen, R. equi sporadically infects other animals, such as pigs, goats, and cattle. In addition, R. equi is increasingly responsible for AIDS-associated pneumonia (33) . The virulence of R. equi is dependent on an 80-to 85-kb plasmid harboring a 27-kb pathogenicity island allowing the bacterium to proliferate in macrophages (19, 49, 50) . In addition to this pathogenic lifestyle, R. equi is also a saprophytic bacterium that rapidly multiplies in manure-enriched soils (25) . The most likely route of infection is by inhalation of contaminated dust particles by susceptible hosts (33) .
Both the saprophytic and pathogenic lifestyles of R. equi are characterized by a very low concentration of free iron due to the extremely low solubility of Fe 3ϩ in aerobic environments at neutral pH. In mammalian tissues, the iron concentration is further reduced, since iron is bound to proteins such as transferrin, lactoferrin, ferritin, and hemoglobin (55) . Bacteria therefore have evolved sophisticated strategies to obtain iron from the iron-limited environment. Many produce siderophores, low-molecular-weight compounds of large structural diversity that have a very high affinity for iron. Bacteria release siderophores into the extracellular environment, and following binding to iron, the siderophore-iron complex is taken up by the cell. Based on their structures, siderophores are classified as catecholates, hydroxamates, or compounds containing ligands of both categories (55) . The mycolata, a phylogenetically distinct group of actinomycetes which includes species belonging to the genera Rhodococcus, Mycobacterium, and Corynebacterium, produce siderophores of all three categories. For example, a catecholate siderophore structurally related to enterobactin is produced by Corynebacterium glutamicum (7) . Mycobacterium species produce mycobactins and carboxymycobactins, which are of the mixed type, and exochelin, a hydroxamate siderophore (reviewed in reference 37). The only rhodococcal siderophore to be characterized to date is heterobactin produced by Rhodococcus erythropolis, which has both catecholate and hydroxamate ligands (8) .
An alternative strategy to overcome iron limitation is to use iron-containing host compounds and proteins, such as heme, hemoglobin, and transferrin (55) . Heme and/or hemoglobin utilization has been demonstrated in several members of the mycolata, including Arcanobacterium pyogenes, Arcanobacterium haemolyticum, Mycobacterium haemophilum, Corynebacterium diphtheriae, and Corynebacterium ulcerans (12, 38, 42, 43) . Transferrin is used as a source of iron by Mycobacterium tuberculosis and C. diphtheriae. In both species, this process is siderophore dependent (20, 43) .
A common element in siderophore and heme utilization is the use of ATP binding cassette (ABC) transport systems to facilitate transport across the cell membrane. These systems consist of a permease made up of either a homo-or heterodimeric protein or a single two-domain protein and a cell membrane-associated ATPase to energize uptake. In addition, some systems use a binding protein that binds heme or sid-erophores and delivers these to the ABC transport systems (29, 47, 52) .
To date, little is known regarding iron utilization by R. equi. Although it was reported that R. equi does not produce mycobactins (23) , analysis of the partial genome sequence of R. equi ATCC 33701 revealed the presence of mycobactin as well as exochelin biosynthesis genes (36) . However, whether these are functional is as yet unknown. In addition to these potential siderophore-mediated iron uptake systems, it was recently shown that R. equi is able to utilize transferrin and lactoferrin as sources of iron (27) , although it is unknown what mechanisms are involved. This paper describes the identification of an iron-regulated operon encoding an ABC transport system that is required for growth under iron-limiting conditions. Although the operon is similar to hydroxamate siderophore transport systems, mutation of this operon also impairs the utilization of heme and hemoglobin by R. equi. Since mutation of this operon does not affect virulence, it is likely that this ABC transport system is required during saprophytic growth of R. equi.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains and plasmids used in this study are listed in Table 1 .
Media and growth conditions. Escherichia coli and R. equi strains were grown on Luria-Bertani (LB) medium (41) or on minimal medium supplemented with 20 mM lactate (LMM) at 37°C as previously described (28) . LMM without FeSO 4 (LMM-Fe) and containing 2,2-dipyridyl was used as low-iron medium. To examine the effect of iron availability on iupABC transcription, a 2-liter Erlenmeyer flask containing 400 ml of LMM was inoculated with R. equi pregrown on LMM. When the culture reached an optical density at 600 nm of 0.5, 50-ml samples were washed with phosphate-buffered saline (PBS) and resuspended in 50 ml of LMM for iron-replete conditions or in LMM-Fe medium containing 200 M 2,2-dipyridyl. When appropriate, the following supplements were added: ampicillin, 50 g ml Ϫ1 ; apramycin, 30 g ml
and isopropyl-␤-D-thiogalactoside (IPTG), 0.1 mM. Hemin (Sigma) and equine hemoglobin (Sigma) were added to solid media containing 250 M 2,2-dipyridyl to final concentrations of 400 and 80 M, respectively. Agar was added for solid media (1.5% [wt/vol]).
DNA manipulations. Plasmid DNA was isolated with the alkaline lysis method (4) or by using the Wizard Plus SV miniprep system (Promega). Chromosomal DNA was isolated as described previously (34) . DNA-modifying enzymes were used according to the manufacturer's recommendations (Roche). Dideoxy sequencing reactions were done with the CEQ DTCS-Quickstart kit as described by the manufacturer (Beckman). The nucleotide sequence was determined using a Beckman CEQ 2000 automatic sequencer; nucleotide sequence data were compiled using the Staden package (48) . Protein sequences were compared to entries in GenBank using BlastP (2) . The prediction of membrane-spanning helices was done using TopPred2 (http://bioweb.pasteur.fr/seqanal/interfaces /toppred.html) (11) .
In order to complement the R. equi ␣5G12 strain, the entire iupABC operon was cloned into pREV9 shuttle vector (Table 1) . Briefly, the transposome was removed by digesting p␣5G12 with NcoI and BsmI and replaced with a 411-bp wild-type sequence to obtain pIUPAB5ЈC. Then, a 546-bp KpnI-PstI fragment containing the 3Ј end of iupC was cloned into pBluescript II KS, yielding pIUP3ЈC. The entire operon was subsequently constructed by ligating the 3,212-bp KpnI fragment of pIUPAB5ЈC into the pIUP3ЈC KpnI site. This plasmid was called pIUPABC. Finally, a 4,187-bp PciI-NotI fragment from pIUPABC was filled in with the Klenow fragment of DNA polymerase and blunt-end ligated into the EcoRV site of pREV9. The resultant pREIUPABC was electroporated into R. equi. The PciI-NotI fragment of pIUPAB5ЈC was subcloned into pREV9, as above, to produce pREIUPAB5ЈC.
Transposome mutagenesis. Random insertion mutagenesis using transposomes (EZ::TN ϽKan-2Ͼ insertion kit; Epicentre) was carried out as described previously (32) . Briefly, electrocompetent R. equi cells were electroporated with 20 ng of transposomes. The electroporation mixture was plated onto LB agar plates containing 200 g/ml kanamycin to select for R. equi harboring the EZ::TN transposon.
RNA isolation. Bacteria were harvested by centrifugation at 4°C at 3,220 ϫ g for 5 min. Pellets were resuspended in 1 ml of Tri reagent (Sigma), and the suspension was transferred to a 2-ml screw-cap tube containing 0.5 ml of diethyl pyrocarbonate-treated 0.1-mm zirconia-silica beads (BioSpec). The cells were broken with two 30-s pulses in a Ribolyser (Hybaid) at the 6.5 speed setting and stored at Ϫ80°C until further processing. After thawing on ice, the supernatant was recovered and extracted with 200 l of chloroform. Nucleic acids were precipitated with 0.5 ml of isopropanol, washed with 1.5 ml of 75% ethanol, dissolved in 90 l of diethyl pyrocarbonate-treated water at 65°C for 5 min, and digested with 4 U of RNase-free Turbo DNase (Ambion) at 37°C for 30 min. RNA was purified with the RNA easy kit (QIAGEN) according to the manu- facturer's instructions, except that a 15-min on-column digestion with 30 U of RNase-free DNase I (QIAGEN) was performed. RNA purity and concentration were determined by UV spectrophotometry and visualized in borax agarose gel electrophoresis to assess the quality of every preparation. Samples were stored in small aliquots at Ϫ80°C.
RT-PCR.
Reverse transcription (RT) reactions were performed with 1 U of Improm II reverse transcriptase following the manufacturer's recommendations using 500 ng of total RNA, 300 nM IUPAex reverse primer, and 16SrRNA200R (Table 1) in a final volume of 20 l. cDNA (2 l) was amplified by 30 cycles of PCR with Taq DNA polymerase using the oligonucleotides IUPAex and IUPRm3F or 16SrRNA200R and 16SrRNA200F (Table 1) . Possible DNA contamination of RNA samples was ruled out by including controls with no addition of reverse transcriptase. Amplification products were analyzed by 1% agarose gel electrophoresis.
Real-time RT-PCR. Total RNA (100 ng) was used in the reverse transcription step, after which amplification was performed using the QuantiTect SYBR Green real-time kit following the manufacturer's instructions (QIAGEN). Reaction mixtures were subjected to 40 cycles of 94°C for 15 s, 60°C for 15 s, and 72°C for 30 s in a LightCycler (Roche) with temperature transition rates of 20°C/s using the oligonucleotides IUPAex and IUPRm3F or 16SrRNA200R and 16SrRNA200F. To ensure that fluorescence signal was specific for the expected DNA products, melting curve analysis from 50 to 99°C (temperature transition, 0.2°C/s) was performed after amplification. Cycle threshold values were obtained and used to calculate the number of RNA copies per microgram of total RNA using a standard curve of known amounts of DNA target with r 2 coefficients larger than 0.997 in the range of 5 ϫ 10 3 to 5 ϫ 10 8 molecules per reaction. 16S rRNA was used as a housekeeping gene to compare the amount of RNA in each reaction. Three independent experiments in duplicate were performed for each RNA sample.
Macrophage infection. J774A.1 murine macrophages were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (vol/vol) fetal calf serum (FCS), 2 mM glutamine, and 10 g/ml gentamicin. Eight-well chamber slides were seeded at a concentration of 1.5 ϫ 10 5 macrophages per well and left for 24 h. R. equi 33701, 33701 (P Ϫ ), and ␣5G12 cultures were grown in minimal medium to a density of 10 8 CFU per ml. R. equi was washed twice with divalent cation-free PBS and resuspended in phagocytosis buffer. Macrophage monolayers were washed with warm DMEM, and phagocytosis buffer (24) and normal mouse serum (5% [vol/vol]) were added. Macrophages were subsequently infected with wild-type and mutant strains at a multiplicity of infection of 10 bacteria per macrophage. Chamber slides were incubated for 45 min at 37°C in 5% CO 2 . Monolayers were then washed with phagocytosis buffer to remove unbound bacteria and incubated for a further 15 min to allow internalization of the bacteria. Phagocytosis buffer was then replaced with DMEM supplemented with 10% (vol/vol) FCS, 2 mM glutamine, and 10 g/ml gentamicin. After 90 min and 48 h, infected monolayers were fixed with methanol (300 l/well) for 20 min at 4°C. Monolayers were washed four times with PBS containing 5% FCS, and polyclonal rabbit anti-R. equi antibodies (Irish Equine Centre, Ireland) were added to each well. Slides were incubated at 37°C for 45 min and washed four times, and a secondary fluorescein isothiocyanate-conjugated goat anti-rabbit antibody was added. Slides were incubated for 45 min at 37°C in the dark. Monolayers were washed as before, and the removable chamber was removed and examined under a fluorescence microscope.
Virulence assessment in mice. Two groups of seven 6-to 8-week-old female CD1 mice were injected intravenously with 100 l of 5 ϫ 10 6 /ml R. equi ATCC 33701 ϩ or 100 l of 5 ϫ 10 6 R. equi mutant ␣5G12. The mice were euthanized 4 days after infection, and their spleens and livers were aseptically removed and ground in PBS, pH 7.2. The suspended ground tissue was diluted in a 10-fold series, and 50-l aliquots were plated on trypticase soy agar (Difco). Bacterial colonies were counted after 48 h of incubation at 37°C. In addition, two groups of seven CD1 female mice were infected intraperitoneally with 0.1 ml of 5 ϫ 10 8 bacteria/ml of either R. equi ATCC 33701 ϩ or R. equi mutant ␣5G12 and examined for 2 weeks for evidence of illness.
Nucleotide sequence accession number. The GenBank accession number of the sequence reported in this paper is AY426738.
RESULTS
Isolation of an R. equi mutant unable to grow at low iron concentrations. To date, very little is known regarding the mechanisms used by R. equi to adapt to growth at low iron concentrations. To obtain insight into this, a transposome library of R. equi was constructed by electroporation of R. equi with transposomes, a protein-DNA complex consisting of a hyperactive Tn5 transposase and a DNA fragment containing a kanamycin resistance gene flanked by 19-bp transposase recognition sequences (21) . Kanamycin-resistant colonies were screened for mutants that were unable to grow on LB agar containing an 80 M concentration of the iron chelator 2,2-dipyridyl. Growth of the wild-type strain is inhibited by 225 M 2,2-dipyridyl. Out of 1,500 individual transposome mutants, one kanamycin-resistant colony that was unable to grow in the presence of 80 M dipyridyl was selected. This mutant (R. equi ␣5G12) displayed the same growth rate on lactate minimal medium (0.27 Ϯ 0.01 h Ϫ1 ) as the wild-type strain, indicating that the inability to grow in the presence of 2,2-dipyridyl was not due to a mutation in the central metabolic or biosynthetic pathways. Addition of FeCl 3 to LB medium containing 80 M 2,2-dipyridyl restored growth of R. equi ␣5G12, showing that failure to grow was due to iron limitation and not to an increased sensitivity of the mutant to 2,2-dipyridyl.
R. equi uses hemin and hemoglobin as sources of iron. To determine whether R. equi is able to use hemin (iron protoporphyrin IX) and/or hemoglobin as sources of iron, it was grown on LB agar plates containing a 250 M concentration of the iron chelator 2,2-dipyridyl. In the absence of alternative sources of iron, growth at this concentration of the chelator was completely inhibited. Addition of either hemin or hemoglobin restored growth, showing that R. equi can use these compounds as sources of iron. A virulence plasmid-free strain and the wild-type strain grew equally well, indicating that hemin and hemoglobin utilization is not plasmid encoded. Interestingly, R. equi ␣5G12 was unable to utilize either hemin or hemoglobin as a source of iron (Fig. 1B) .
R. equi ␣5G12 has a transposome insertion in an operon encoding an ABC transport system. To determine where the transposome had inserted, chromosomal DNA was isolated from the mutant, digested with KpnI, and ligated into the KpnI restriction site of pBluescript II KS. E. coli was subsequently transformed with the ligation mixture, and transformants were screened for kanamycin resistance. Since the KpnI restriction site does not occur within the transposome, plasmids conferring kanamycin resistance to E. coli harbor the transposome and flanking DNA sequences. A colony was isolated harboring pBluescript containing a 4.4-kb KpnI insert (p␣5G12). Restriction analysis revealed the presence of a transposome within the KpnI insert (Fig. 1) .
In order to characterize the gene harboring the transposome insertion, the nucleotide sequence of the 4.4-kb KpnI fragment of p␣5G12 was determined. Sequence analysis showed that the transposome interrupted an open reading frame (ORF1) at nucleotide position 502 (Fig. 1) . Insertion of a transposome into the genome mediated by hyperactive Tn5 transposase results in the duplication of the 9-bp target sequence (39) . Analysis of the DNA sequences flanking the transposome revealed a 9-bp repeat, showing that the mutation was due to a bona fide Tn5 transposition event. In order to obtain the complete sequence of ORF1, a DNA fragment was amplified from the genome of the wild-type strain using oligonucleotides complementary to sequences up-and downstream from the transposome insertion site. The sequence of the PCR product was subsequently determined to obtain the sequence of the wild-type gene. Two additional open reading frames downstream from ORF1 which were transcribed in the same direction were identified. The three open reading frames are translationally coupled, with overlapping start and stop codons, strongly indicating that these open reading frames form an operon. Downstream of ORF3 and transcribed in the opposite direction is the 3Ј end of an open reading frame that may encode a protein that is 45 and 43% identical to the carboxy termini of the Nocardia farcinica and Mycobacterium avium proteins Nfa 41350 and Map0262, respectively (Fig. 1) . These proteins are classified as belonging to a family of alkylsulfatase and related hydrolases (COG2015).
ORF1 (iupA) and ORF2 (iupB) share 25% identity and 37% similarity with each other and encode proteins with molecular weights of 36,580 and 37,176, respectively. Both are predicted to be integral membrane proteins with eight membrane-spanning helices. ORF3 (iupC) encodes a protein with a molecular weight of 30,362. Comparison of the three proteins to those in GenBank using BlastP showed a high degree of similarity to proteins encoding ABC transport systems, in particular to transport systems required for siderophore uptake. IupA and IupB belong to the FecCD binding protein-dependent transport systems (pfam01032), which are permease components of ABC transport systems. IupC contains an ATPase domain (pfam0005). The N. farcinica (26) and Streptomyces coelicolor (3) genomes contain gene clusters similar to iupABC. The former encodes three proteins (nfa25210, nfa25200, and nfa25190) that are 50, 55, and 74% identical to IupA, IupB, and IupC, respectively. As is the case for the iup gene cluster, the genes encoding the N. farcinica Iup homologues are also translationally coupled. The S. coelicolor genes cchC, cchD, and cchE are part of a gene cluster that is predicted to produce the tripeptide siderophore coelichelin (10) . The cchC and cchD genes are 45 and 54% identical to IupA and IupB, respectively; cchE is 73% identical to IupC.
To rule out the possibility that the inability of R. equi ␣5G12 to grow in the presence of 80 M 2,2-dipyridyl was due to a mutation of a gene other than iupA, plasmid pREIUPABC containing the complete iupABC gene cluster was introduced into the mutant. Growth of R. equi ␣5G12 (pIUPABC) was comparable to that of the wild-type strain in the presence of 2,2-dipyridyl, showing that the phenotype of the mutant was due to insertion of a transposome into iupA. In addition, the complemented mutant was able to utilize hemin and hemoglobin as sources of iron. Interestingly, plasmid pREIUPAB5ЈC, which contains iupAB and the 5Ј end of iupC, failed to complement R. equi ␣5G12. The insertion of a transposome in iupA therefore had a polar effect on expression of the downstream genes iupBC, showing that iupABC is transcribed as an operon (Fig. 1) .
Transcription of the iupABC operon is regulated by the concentration of iron. The transcriptional regulation of the iupABC operon was assessed by growing R. equi in lactate minimal medium until the optical density at 600 nm was 0.5. At this point, the culture was washed and aliquots were resuspended in either LMM or LMM-Fe containing 200 M 2,2-dipyridyl. Two hours later, total RNA was extracted from both cultures, followed by RT-PCR to detect iupA mRNA. Whereas iupA mRNA was barely detectable in RNA extracted from cells growing in lactate minimal medium, it was clearly present in RNA obtained from cells grown in iron-depleted medium. In contrast, the levels of 16S rRNA appeared to be the same in both (Fig. 2A) . Quantification of iupA mRNA by real-time PCR showed that iupA transcripts are 180-fold more abundant in R. equi grown under iron-depleted conditions than in organisms grown in iron-replete conditions (Fig. 2B) .
The iupABC operon is not required for virulence. Many pathogens require siderophores for virulence. For example, an M. tuberculosis strain unable to produce mycobactins was not able to grow in macrophages (13) . We therefore compared the intracellular growth of R. equi ␣5G12 with the virulent wild type and the avirulent plasmid-cured strains. Macrophages were incubated with R. equi and allowed to internalize bacteria, after which gentamicin was added to kill extracellular bacteria. Growth was subsequently assessed by immunofluorescent labeling of internalized R. equi. In contrast to the avirulent R. equi strain, R. equi ␣5G12 displayed the same degree of proliferation in macrophages 48 h following infection as the wild-type strain, showing that the iupABC operon is not required for growth in macrophages (Fig. 3) .
To further substantiate these findings, mice were intravenously and peritoneally infected with R. equi. Although immunocompetent mice will eventually clear R. equi, the increase in R. equi numbers in liver and spleen 2 to 4 days after injection provides a good indication of R. equi virulence in vivo (19) . There was no significant difference between the numbers of wild-type R. equi ATCC 33701 and the ␣5G12 mutant in the liver (mean Ϯ standard deviation, 4.43 Ϯ 0.83 versus 5.23 Ϯ 0.97 log 10 /g) or spleen (3.66 Ϯ 0.61 versus 3.99 Ϯ 0.63 log 10 /g) of mice 4 days after intravenous injection of a similar number of bacteria. After intraperitoneal infection, however, three mice in the group infected with R. equi ATCC 33701 ϩ became ill; two of these mice were euthanized for humane reasons 7 days postinjection, and the third died 5 days later. Two mice in the ␣5G12 group showed similar but less severe symptoms and subsequently recovered.
DISCUSSION
Although it has been reported that R. equi requires iron for growth (27) , nothing is known regarding mechanisms employed by this facultative pathogen to grow at low iron concentrations. This paper describes a mutant that, unlike the wild-type strain, was unable to grow at relatively low concentrations of 2,2-dipyridyl. The mutant contained a transposome insertion in first gene of a three-cistron operon, iupABC, encoding proteins highly similar to ABC transport systems required for uptake of siderophores. The inability of R. equi ␣5G12 to grow in the presence of 80 M 2,2-dipyridyl is therefore probably due to a failure to translocate a siderophore-iron complex into the cell. To date, siderophores have not been identified in R. equi, although analysis of a partial genome sequence revealed sequences that are similar to mycobactin and exochelin biosynthesis genes (36) . The iupABC genes are highly similar to the cchCDE genes of S. coelicolor, which are part of gene cluster that is predicted to produce a novel hydroxamate siderophore, coelichelin (10) . Recent structural analysis of coelichelin confirmed that coelichelin is indeed a hydroxamate siderophore (G. Challis, personal communication). It therefore appears likely that the ABC transport system encoded by the iupABC operon is a hydroxamate siderophore transport system. The iupABC operon encodes an ABC transport system belonging to the FecCD family of solute binding protein-dependent transport systems. The coelichelin biosynthesis gene cluster contains a gene encoding a putative solute binding lipoprotein (cchF), which is located downstream from cchE (10). However, a similar binding protein-encoding gene is not located downstream from iupC, suggesting that it may be encoded elsewhere on the R. equi genome.
This study showed that both heme and hemoglobin were used as a source of iron by R. equi. The utilization of heme and hemoglobin is not uncommon in bacteria belonging to the mycolic acid-containing actinomycetes, although it has been studied in detail only in C. diphtheriae and C. ulcerans (12, 38, 42, 43) . In these pathogens, heme utilization is dependent on hmuTUV and hmuO. The hmuT gene encodes a heme-binding lipoprotein, and hmuUV specify a heme-specific ABC transport system. Heme is subsequently oxidized by HmuO, a mammalian type heme oxidase (14, 56) . Gram-negative bacteria employ outer membrane receptors to bind hemoglobin and heme. Heme is often released from hemoglobin by secreted or outer membrane-bound proteases; alternatively, hemoglobin binds directly to specific outer membrane receptors. Following binding to outer membrane receptors, heme is subsequently transported across the outer membrane into the periplasm via an energy-dependent process facilitated by the TonB system, followed by uptake into the cell using heme-specific ABC transport systems (6, 18, 55) . In contrast to other bacteria, heme and hemoglobin utilization by R. equi is dependent on a siderophore transport system (55) . Furthermore, in comparison to other heme-and hemoglobin-utilizing bacteria, very high concentrations were required to provide the cell with iron. It seems therefore likely that iron is abstracted from heme by R. equi outside the cell in an aspecific manner that is not physiologically relevant.
Transcription of the iupABC operon was 180-fold higher during growth at low iron conditions than at high iron conditions, which is typical for siderophore biosynthesis and uptake genes (55) . Iron-dependent transcriptional regulation of genes required for siderophore biosynthesis and uptake is mediated by DtxR in Corynebacterium (30, 35, (44) (45) (46) and the homologous proteins IdeR and DmdR in, respectively, Mycobacterium (1, 15, 16, 40) and Streptomyces (17, 22) . DtxR complexed with Fe 2ϩ binds to the operator sequences of iron-regulated genes to repress transcription (53) . Since R. equi encodes a DtxR homologue that represses transcription in an iron-dependent manner, it appears likely that this protein is responsible for the iron-dependent transcriptional regulation of the iupABC operon (5).
Many pathogens depend on the production of siderophores to thrive in the host environment. For example, the mbtB gene specifying an enzyme participating in an early step of mycobactin biosynthesis is required for growth of M. tuberculosis in macrophages (13) . However, there was no difference between R. equi ␣5G12 and the wild-type strain in the ability to proliferate in macrophages. In addition, there was no significant effect of disruption of the iupABC operon on virulence as assessed by clearance of R. equi ␣5G12 from the liver and spleen of mice. This strongly suggests that R. equi employs a separate iron uptake system for growth in the host. A similar situation exists for Burkholderia cenocepacia, Bacillus anthracis, and Pseudomonas aeruginosa. These pathogens produce two types of siderophores, yet only one is required for virulence (9, 51, 54) . We therefore propose that the putative siderophore translocated by the iupABC-encoded ABC transport system is required for saprophytic growth, whereas a second siderophore is required for growth of R. equi in macrophages. Analysis of the partial genome sequence of R. equi identified sequences similar to mycobactin biosynthesis genes (36) . The relevance of these for virulence is currently being analyzed. 
